The needs for water supply in the western coastal zone of Kavala (N. Greece) 
Introduction
Salinization of coastal aquifers is a major environmental problem for arid and semiarid regions of the planet. Its cause mechanism is related to the disturbance of the equilibrium between fresh and seawater in coastal water aquifers. Under normal conditions, the flow of underground freshwater toward the sea, maintains the boundary "fresh-saline water" zone near the cost and far below land surface. Overexploitation of ground water resources, due to overpumping wells or decrease of precipitation, displaces the boundary zone towards the land ( Fig. 1a and 1b) . This causes degradation to underground water quality and may result to ground subsidence with subsequent damages to buildings and infrastructure works, salinization of fertile soils and extinguish of aquatic ecosystems. Its quick and acute reaction to short and long-term climatic changes, may finally lead to desertification. Concerning the increasingly concentration of global population in coastal areas, it is obvious that this environmental problem has also ecological, social, cultural, economical and political aspects (Lambrakis and Kalergis, 2001; Kallergis, 2002) .
More or less common practices to reverse the seawater intrusion are (Bear et al., 1999; Ahlfeld and Mulligan, 2000; James et al., 2001; Ziegenbalg et al., 2002) : -Reduction of fresh water recovery. -Relocation of coastal wells. -Artificial surface recharge. -Extraction of seawater before it reaches wells. -Construction of impermeable subsurface barriers. -Combination of the above.
A clear image of the extent and shape of saline water intrusion is the first step before planning any actions. At this step, geophysics appears to be an enlightening and reliable tool (Telford et al., 1990; Parasnis, 1997) . Although geophysical survey is not new in ground water investigation, the advances in geophysical instrumentation and the development of sophisticated inverse algorithms, in the last two decades, made possible the fast acquisition and processing of large data sets (Kirsch, 2009 expensive cost, compared to other methods e.g. borehole drilling and trenching. The use of geophysical measurements was established for mapping subsurface features, estimating properties and monitoring processes important to hydrologic studies, such as those associated with water resources and gave birth to "Hydrogeophysics" as a unique subdiscipline (Rubin and Hubbard, 2005; Hubbard and Rubbin, 2006; Vereecken et al., 2006; Miller, 2009) .
In seawater intrusion imaging, resistivity methods are the most preferable, because electrical resistivity is highly sensitive to subsurface water saturation and pore water salinity (Archie, 1942; Barker, 1990; Mualem and Friedman, 1991; Ewing and Hunt, 2006) . Among them, the Electrical Resistivity Tomography (ERT) is considered as one the most efficient techniques in imaging such properties and processes associated to subsurface geoelectrical structure (Daily et al., 1992; Park, 1998; Muller et al., 2003; Singha and Gorelick, 2005; Mohnke et al., 2006; Nguyen et al., 2009) . In order to eliminate limitations of resolution decrease with increasing depth of investigation, ERT techniques based on variations of borehole, surface-to-borehole and cross-hole measurements, have been proposed (Asch and Morrison, 1989; Daily and Owen, 1991; Slater et al., 2000; Zhou and Greenhalgh, 2000; Friedel et al., 2004; Marescot et al., 2002; Tsourlos et al., 2004 Tsourlos et al., , 2005 Wilkinson et al., 2008) . Along with spatial, ways for time resolution extent with time-lapse techniques, have been reported to literature (Tsourlos et al., 2003 (Tsourlos et al., , 2005 Oldenborger et al., 2007) . This paper presents a study on imaging seawater intrusion in western coastal zone of Kavala (N. Greece). The ERT measurements were carried out by Laboratory of Applied Geophysics / Technical University of Crete and Georesources S.A., as part of the project: "Integrated system for water quality management and olive trees optimization, using Geographical Information 
Selection of test site

General description
The present study concerns the north Aegean coasts and particularly the western coasts of prefecture of Kavala. Prefecture of Kavala is located in the northeast of Greece and is the easternmost prefecture of geographic region of Macedonia. Nestos river from east, Strymonas river from west and Paggaeo and Lekani mountains, from north, are its physical borders. The area of the prefecture, including the island of Thassos, is 2.113 km 2 and the population is 145.000. Most of the major economical activities, tourism and agriculture are concentrated along the 200 kilometres of coastline, plus 115 kilometres more, on Thassos island. The western coasts, have been rapidly developed the last two decades mainly due to increasing touristic interest and secondly due to extended cultivation of vineyards and olive trees. The absence of significant surface water resources led to overexploitation of underground water resources and phenomena of salinization on coastal aquifers have been shown up. The test site is located 48 kilometres SW from Kavala, in Karyani coastal zone (Fig. 2) .
Previous studies in nearby coastal zones of Macedonia and Thrace, based mostly on hydroge-ological and geochemical data, have pointed out the problem of seawater intrusion (Diamantis and Petalas, 1989; Petalas and Diamantis 1999; Pliakas et al., 2001; Ziegenbalg et al., 2002; Kallioras et al., 2006a and 20006b; Petalas et al., 2009 ).
Geological-hydrological setting
The test site is a strand plain, surrounded by a hilly landscape and is bounded by Symvolo mountain ridge to the east, Strymonas river to the west, Paggaeo mountain to the north and Aegean Sea to the south.
Geotectonically, the area at large of Karyani, is on the west border of Rhodope zone. It is composed by metamorphic (marbles. gneisses, schists), igneous (granodiorites) and sedimentary (mainly quaternary) rocks. The quaternary sediments are pleistocene and holocene deposits. The former, consists mainly of sand, pebbles, sandy clays and marls with frequent intercalations of calc-tufa lenses and loose conglomerates and has a thickness of 30 m. The latter, which covers the area of interest, consists of fluviatile-torrential sediments, sand, pebbles, cobbles, fans and recent coastal deposits and has a thickness of 10-15 m.
The mean annual rainfall at Karyani as recorded by rain gauge station 1.2 km W from test site, is 408.5 mm, while the maximum and minimum annual rainfall is 241.7 mm and 689.0 mm, respectively (Petalas et al., 2004) . The most dry period is May to September (29.7% of annual rainfall) whereon the needs for water are highly increased. These facts show that Karyani has one of the most arid climates in the region of eastern Macedonia and Thrace and explain why XLIII, No 4 -1805 during the period May to September there is an overexploitation of underground water resources. Groundwater recharge occurs by direct infiltration of atmospheric precipitations.
Measurements and interpretation
The objective of this study was to image the seawater intrusion in coastal aquifers. The ERT technique was considered to be the most appropriate mean for the achievement of this objective, since it provides information about the vertical and lateral changes of the electrical resistivity and is highly sensitive to saturated pore spaces. Moreover, the point information of high values of electrical conductivity in nearby wells, could be enhanced.
The survey line was in the SW-NE direction perpendicular to the seashore. It was selected by plan, to start 80 m from the coastline and end to an existed borehole, named "Zygoures" (Fig. 3) .
XLIII, No 4 -1806 The borehole, has being pumped during the period May to September, to irrigate local fields. Measurements of electrical conductivity of pumping underground water, carried out by Directorate of Land Reclamation / Prefecture of Kavala, exhibited values that varied from 1200 to 4300 μS/cm, with pick values measured at the end of irrigation period.
The instrument used for ERT data acquisition was the AGI Sting R1 and measurements were carried out in the test site of Karyani, on August 2008. The Wenner-Schlumberger electrode array and the roll-along technique were applied. The electrode separation was 10 m and the survey line 930 m. The roll-along technique employed four consecutive equal length spreads consisting of 49 electrodes. The recorded contact resistances at the electrodes were less than 1 kOhm. Two geoelectric sections were obtained, by combining data from all the spreads and using the 2D inversion algorithms (the robust and the L2 norm) of RES2DINV software (Claerbout and Muir, 1973; Loke, 1998 Loke, , 2002 . Fig. 4 , displays the pseudosections of the measured and calculated apparent resistivity as well as the geoelectric section produced by robust inversion. The final inversion RMS error was 10.3%, after rejecting 11% of the total sum of 1373 data collected. The geoelectrical section exhibits heterogeneity (the resistivity values range from 2 to 100 Ohm·m) and the depth of investigation approximately 100 m. Very low resistivity zones present on this section could be attributed to formations of increased porosity and water salinity. The high values of electric conductivity (up to 4300 μS/cm), measured on water samples of the nearby borehole, advocate XLIII, No 4 -1807 this interpretation. These zones are present at shallower depths (less than 10 m) to the SW (close to the seashore). Their upper limit could define the subsaline water front. The high resistivity zones A, B and C (> 20 Ohm·m) are attributed to non-permeable formations such as marls, marly limestones and gypsum. Fig. 5 , displays the measured and calculated apparent resistivity pseudosections and the geoelectric section produced by the L2 norm inversion. The final inversion RMS error was 14.4%, after rejecting 16% of the total sum of 1373 data collected. This geoelectrical section is smoother compared to that produced by robust inversion. The possible subsaline water front and the three resistivity zones (A, B, C) are again clearly shown.
Discussion and conclusions
The seawater intrusion at western coasts of Kavala (N. Greece) was studied. The area was preferred because of its increasing touristic and agricultural development which followed by overexploitation of underground water resources. The test site was selected to start from sea shore and end to a borehole where the electric conductivity of pumping water had been measured, up to 4300 μS/cm. Along this 1000 m line, measurements of apparent resistivity were carried out. Data were inverted and the 2D ERT profiles gave a clear image of underground inhomogeneities up to 100 m depth.
XLIII, No 4 -1808 The very low resistivities (2-4 Ohm·m) in geoelectric section could be attributed to the sea water intrusion. The subsaline water front seems to displace fresh water up to 400 m to inland. There, it starts to incline into the underground aquifers, with 15 0 angle, all along the ERT line. This could explain the high values of electrical conductivity measurements of ground water at the end of the survey line. ERT offered the first general image of ground water salinization in the area. It could guide to specific constraint measures for future wells (like distance from sea shore and maximum depth) and be an effective tool for rational management of ground water resources.
To better understand saltwater intrusion mechanism and subsurface heterogeneity in the area, deep, time-lapse ERT monitoring following the pumping schedule of the nearby borehole and chemical analysis of synchronous water samples could provide the complementary information.
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